According to magnetic resonance imaging (MRI) studies, brain white matter (WM) abnormalities have been suggested to play a critical role in the pathogenesis of major depressive disorder (MDD) and related suicidal behavior. However, MRI findings may be limited by low spatial resolution; therefore, an important contribution to the understanding of the role and significance of WM alterations derived by the development of the most recent magnetic resonance techniques, such as diffusion tensor imaging (DTI). Several DTI studies reported an association between altered WM integrity and MDD/suicidal behavior. Microstructural WM abnormalities may be located in neural circuits critically implicated in emotional processes and mood regulation resulting in enhanced vulnerability to psychiatric morbidity. WM abnormalities detected using DTI may contribute to functional deficits and help to clarify the pathophysiological mechanisms underlying MDD as well as suicidal behavior. By a clinical point of view, research also suggested that affective temperaments may play a relevant role in the psychopathological characteristics of mood disorders, clinical trajectory of episodes and polarity, long-term outcome and suicidality. Unfortunately, only few studies investigated the association between affective temperaments and WM abnormalities and discussed their possible implications in patients with MDD and suicidal behavior. Using a comprehensive search of Medline database, the aim of the present study was to critically review the current literature on the association between WM alterations as assessed by MRI and DTI techniques, affective temperaments, MDD and suicidal behavior. This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 3.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as the author is credited and the new creations are licensed under the identical terms.
INTRODUCTION
Major depressive disorder (MDD) is a widespread condition associated with functional impairment and significant disability. Patients with MDD usually experience frequent recurrences, incomplete recovery between episodes, residual symptoms, poor psychosocial adjustment and high risk of suicide. [1, 2] Suicidal behavior is a complex and multidimensional condition aimed at self-destruction determining a serious distress in the community and among all those who are near the victim; however, as suicide may be considered a rare social event, its prediction at the individual level is very difficult. Untreated unipolar MDD is one of the most relevant risk factors related to completed suicide accounting for 56-87% of the cases. [2] Importantly, suicide may be considered a state-and severity-dependent phenomenon, and this is also demonstrated by the fact that suicidality significantly decreases after clinical recovery. [2] Although identifying some clinical, psychological and psychosocial risk Microstructural brain abnormalities, affective temperaments, and suicidal behavior in patients with major depression factors may help to recognize those depressed or nondepressed individuals who are at increased high risk for suicide, [3] the mechanisms underlying this complex behavior as well as the link with psychopathology are still poorly understood.
White matter hyperintensities (WMHs) appear as hyperintense signals on T2-weighted magnetic resonance imaging (MRI) and represent ependymal loss and differing degrees of myelination in the brain. [4, 5] WMHs, depending on their localization, may be classified as periventricular WMHs and deep WMHs, with the latter usually having a vascular etiology. Degenerative changes in brain white matter (WM) have been associated with both mood disorders and suicidal behavior in children as well as young adults, [6] [7] [8] [9] however they seem to be not specific of patients with first-episode psychotic disorders. [10] Diffusion tensor imaging (DTI) studies can identify microstructural WM abnormalities with high special resolution enabling the characterization of WM tracts that relate to critical brain regions implicated in mood regulation. According to the current literature, there are many recent DTI studies examining WM networks abnormalities in patients with MDD [11] [12] [13] [14] as well as in those with suicidal behavior. [15] [16] [17] [18] Specifically, some DTI studies reported the existence of frontolimbic WM abnormalities in treatment-naive first-episode MDD individuals [19] [20] [21] [22] and adolescents with MDD [23] [24] whereas other studies investigated the role of WM microstructural alterations in patients with melancholic MDD characteristics [25, 26] or the effect of treatments on WM integrity in subjects with MDD. [27] [28] [29] [30] Further, DTI studies also investigated the impact of WM abnormalities during the different illness phases (e.g. subclinical depression, throughout the acute MDD episode, at the end of therapy and subsequent follow-up). [31] [32] [33] Taylor et al. [34] hypothesized that patients with WM lesions may be at higher risk for developing mood disorders and suicide due to possible disruption of neuroanatomical pathways. Mood regulation depends on the complex extensive connections between the prefrontal cortex, amygdala-hippocampus complex, thalamus and basal ganglia. [35] Mood disorders range from subthreshold affective temperamental traits as measured by the Temperament Evaluation of Memphis, Pisa, Paris and San Diego-auto-questionnaire (TEMPS-A) [36] up to mood disorders (of minor and major severity) and severe affective psychosis. [37] [38] [39] [40] Affective temperaments may significantly influence the psychopathological characteristics of mood disorders, in particular, the clinical trajectory of episodes and polarity, symptomatology, long-term course, suicidality, and medication adherence. [37, 38, [40] [41] [42] [43] [44] To date, the association between microstructural WM abnormalities, affective temperaments, and suicidal behavior in patients with MDD is poorly understood. Therefore, this paper aims to critically review the current literature about this association.
Studies investigating the presence and significance of WM abnormalities and their link with affective temperaments in patients with major depression and suicidal behavior were retrieved from Medline databases. The reference lists of these publications were further investigated to find additional relevant studies. An extensive search was carried out for research published between January 1980 and October 2014 using the following search terms: ("major depressive disorder" OR "MDD" OR "Major depression") AND ("Affective temperaments") AND ("White matter hyperintensities" OR "microstructural white matter lesions" OR "white matter abnormalities" OR "white matter changes signals") AND ("MRI" OR "magnetic resonance imaging") AND ("Diffusion Tensor Imaging") OR ("DTI"). Only studies published in English were included. We did not analyze in the present overview studies including patients with bipolar depression nor patients with treatment-resistant major depression.
THE ROLE OF MICROSTRUCTURAL WM BRAIN ABNORMALITIES AS ASSESSED BY MRI IN PATIENTS WITH UNIPOLAR MAJOR DEPRESSION
Microstructural brain lesions, especially in the context of WM integrity, may be frequently found in patients with unipolar major depression. [45] Based on their systematic review and meta-analysis, cross-sectional subgroup analyses showed that deep WMHs resulted significantly associated with major depression whereas periventricular and overall WMHs did not. In addition, according to longitudinal subgroup analyses, overall WMHs were significantly associated with major depression but deep WMHs did not.
Microstructural WM brain alterations are neuropathologically characterized by decreased oligodendrocyte density, molecular changes in intercellular cell adhesion molecule expression levels and possible ischemia. [46] In another meta-analysis, Kempton et al. [47] reported that MDD was associated with lateral ventricle enlargement; larger cerebrospinal fluid volume; smaller volumes of the basal ganglia, thalamus, hippocampus, frontal lobe, orbitofrontal cortex, and gyrus rectus compared with the structures of the healthy brain. Furthermore, during depressive episodes patients reported significantly smaller hippocampal volume than patients during remission.
Gender differences in WM disease of patients with MDD in late life have been recently described by Dotson et al. [48] The authors reported that depressive symptoms predicted increased WMHs rates in men but not in women. A higher rate of WMHs was commonly reported in individuals with late-onset depression (LOD) when compared with healthy elderly controls and subjects with early-onset depression (EOD). [49] [50] [51] [52] Salloway et al. [53] reported that both deep WMHs and periventricular WMHs were significantly more severe in the LOD group than EOD group. More recently, Gunning-Dixon et al. [54] found that 22 patients who did not remit following escitalopram treatment had significantly greater WMHs on MRI than 20 remitted patients and 25 elderly controls. In addition, Takahashi et al. [55] reported that patients with LOD showed a higher rate of deep WMHs and more severe pathological changes especially in the bilateral frontal areas and left parieto-occipital area compared with EOD. Compelling evidence suggested that deep WMHs are more severe in LOD than in healthy controls. [50, 56, 57] The frontal lobes have mutual fiber communications with subcortical nuclei, such as the thalamus, basal ganglia, and amygdala via WM projections mediating emotional processing of information and regulation of emotional states. It has been suggested that dysfunctions of the frontal lobes may be caused by subcortical WM lesions triggering the emergence and maintenance of mood disorders. [58] There are also studies suggesting that the presence of WM lesions may be associated with clinical severity and treatment responsiveness. In 12-week, randomized clinical trial comparing Sertraline with Nortriptyline, Sneed et al. [59] also tested the hypothesis that remission from geriatric depression may depend on lesion volume by region of interest and found that patients with higher deep WMHs were 7.14 times more likely to not remit after antidepressant treatment compared to patients with lower deep WMHs. The authors also suggested that those having higher periventricular VMHs and total volumes may be 4.17 and 5.00 times more likely to not remit, respectively.
Increased severity of WM lesions is also associated with a more chronic outcome, [46, [60] [61] [62] poorer response to antidepressant medications, [63] [64] [65] and long-term disability [66] in depressed patients. WMHs are also generally associated with cognitive decline in various domains, particularly executive skills, attention, and mental speed. [63, [67] [68] [69] In addition, Sheline et al. [70] suggested the critical and strategic importance of WMHs location in LOD. The authors reported that 83 depressed subjects showed greater WMHs in the superior longitudinal fasciculus (SLF), fronto-occipital fasciculus, uncinate fasciculus, extreme capsule, and inferior longitudinal fasciculus that were associated with both cognitive (e.g. episodic memory, processing speed, and executive functions) and emotional functions when compared with 32 healthy controls.
Finally, there are also few studies reporting the association between WMHs and suicidal behavior in MDD patients. In 2012, Serafini et al. [71] reported that among 85 adult outpatients with chronic headache, patients with periventricular WMHs were 1.06 times more likely to report fewer depressive symptoms than patients without PWMHs suggesting that WMH lesions were associated with less depression severity. However, no association between WMHs and suicidal behavior was found. Interestingly, in a meta-analysis including four MRI studies, a significantly higher number of suicide attempters was reported to have WMHs compared to non-attempters. [72] Specifically, unipolar depressed patients who had attempted suicide were 1.9 and 2.1 times, respectively, more likely to have deep WMHs and periventricular WMHs than nonattempters.
In addition, in a cohort of 99 unipolar/bipolar patients, Pompili et al. [73] reported after logistic regression analyses that periventricular WMHs were robustly associated with suicidal behaviors after controlling for age. Importantly, the same research group [9] had previously found in a smaller (n = 65) cohort of unipolar/bipolar inpatients an higher WMHs prevalence in subjects with past suicide attempts than in those without.
In 2005, Ehrlich et al. [8] suggested a higher prevalence of periventricular WMHs in subjects with past suicide attempts among a cohort of 102 young psychiatric inpatients with MDD. Furthermore, a significant association between WMHs and higher prevalence of past suicide attempts in 48 unipolar depression group had been previously reported. [7] The same research group [6] found that youths with deep WMHs mainly located in the parietal and frontal lobes have a significantly higher prevalence of reported past suicide attempts.
WMHs have been commonly reported in both patients with MDD and suicidal behavior; however, the clinical significance of these lesions is still poorly understood as they may be also found in non-depressed individuals with cerebrovascular risk factors such as hypertension, [56, 57, 67] diabetes, myocardial infarction or coronary artery disease, and smoking. [57, 74] [75] reported an association between lower fractional anisotropy (FA) of the right and left frontal WM regions with a low remission rate, several other DTI studies found an association between microstructural WM abnormalities and MDD. These authors identified for the first time the presence of microstructural WM abnormalities lateral to the anterior cingulate and hypothesized that they were associated with a low rate of remission in 13 patients with geriatric MDD.
Very recently, Qin et al. [11] reported that the hubs of WM brain networks consisting of the bilateral dorsolateral part of superior frontal gyrus, left middle frontal gyrus, bilateral middle temporal gyrus, and bilateral inferior temporal gyrus may accurately distinguish patients with MDD from healthy controls. Lai and Wu [13] suggested that 44 patients with MDD had significantly lower FA values in the left SLF as well as the right anterior thalamic radiation when compared with 27 healthy controls. These patients had also increased radial diffusivity values in the bilateral SLF and decreased axial diffusivity values in the bilateral anterior thalamic radiation. The authors suggested that FA values resulted negatively associated with depression severity in the SLF, and illness duration in the right SLF and anterior thalamic radiation.
Another recent DTI study [19] found that adolescents with depression had significantly lower FA and higher radial diffusivity in bilateral uncinate fasciculus. According to tract-based spatial statistics findings, lower WM FA values have been associated with the limbic-cortical-striatal-thalamic circuit, corpus callosum, and anterior and superior corona radiata.
In 2007, Li et al. [76] found microstructural alterations in prefrontal WM occurring early in the course of MDD of 19 first-episodes, untreated MDD young adults relative to healthy controls. In a similar cohort (14 first-episode, treatment-naive young adult MDD subjects), Ma et al. [77] found significantly lower FA values than controls in the WM of the right middle frontal gyrus, left lateral occipitotemporal gyrus, and subgyral and angular gyri of the right parietal lobe. Moreover, Taylor et al. [78] reported significantly lower FA values in the right superior frontal gyrus WM of depressed patients than controls.
de Kwaasteniet et al. [21] demonstrated that WM integrity of the uncinate fasciculus was reduced and that functional connectivity between the subgenual anterior cingulate cortex and medial temporal lobe was increased in 18 MDD patients when compared with 24 healthy controls. A negative correlation between uncinate fasciculus integrity and subgenual anterior cingulate cortex functional connectivity with the bilateral hippocampus was also observed only in MDD subjects.
Previously, Bae et al. [79] reported significantly lower FA values in WM of the right anterior cingulate cortex, bilateral superior frontal gyri and left middle frontal gyrus of 106 elderly depressed subjects. Furthermore, a significant reduction in FA values of widespread regions of the frontal and temporal lobes in 13 patients with LOD was found by Nobuhara et al. [80] Interestingly, the severity of depression was inversely related to reduce FA values of the inferior frontal region.
Zhang et al. [81] have previously reported that in a cohort of 21 MDD subjects depression severity had a significant negative correlation with normalized number of fibers in the right uncinate fasciculus. Similarly, Steffens et al. [82] reported a significant association between left uncinate fasciculus FA and resting state functional connectivity between the left ventrolateral prefrontal cortex/left amygdala and between the left ventrolateral prefrontal cortex/left hippocampus. A significant negative correlation has also been suggested between left ventromedial prefrontal cortex-caudate resting state functional connectivity and left, but not right, uncinate fasciculus FA in 24 older patients remitted from MDD.
Another DTI study analyzed the integrity of the WM of corpus callosum and its sub-regions in 16 subjects affected by MDD and 16 age-and gender-matched healthy controls. [23] The authors reported that the corpus callosal area of the genu was smaller in MDD participants than in 16 healthy controls.
Similar findings have been replicated in adult subjects with treatment-responsive MDD by Guo et al. [83] The authors found lower FA values in the bilateral internal capsule, genu of corpus callosum, bilateral anterior corona radiata, and right external capsule of 22 patients compared to 19 healthy subjects.
Recently, Korgaonkar et al. [29] suggested that anterior cingulate-limbic WM may be a useful predictor of antidepressant treatment outcome in 74 MDD patients who completed 8-week antidepressant treatment. The authors reported that altered connectivity for the cingulum part of the cingulate and stria terminalis tracts significantly predicted remission. Hayakawa et al. [31] reported a positive correlation between Center for Epidemiologic Studies Depression Scale (CES-D) scale score and radial diffusivity in the right anterior cingulum of 21 subclinically depressed women compared with 21 matched controls.
Another recent report [12] suggested that in 95 MDD outpatients compared to 102 matched control subjects structural connectivity alterations between nodes of the default mode network and frontal-thalamo-caudate areas (having an important role in emotional and cognitive processing) may play a critical role in the pathophysiology of MDD.
Structural connectivity alterations were also observed in the brainstem and the amygdala in 95 MDD patients compared to 34 gender-matched controls [14] whereas lower FA values in the body of the corpus callosum, increased radial and mean diffusivity were found after whole-brain analysis. In addition, higher FA values in the uncinate fasciculus together with increased axial diffusivity, reduced radial diffusivity were reported after region-of-interest analysis by Aghajani et al. [84] A preliminary report [24] on 17 MDD adolescents suggested decreased WM integrity in the anterior cingulum and anterior corona radiata compared to 16 matched controls. Depression severity has been correlated with reduced WM integrity in the genu of corpus callosum, anterior thalamic radiation, anterior cingulum, and sagittal stratum. Similarly, Bessette et al. [20] reported significantly lower FA of the frontal lobe, bilateral anterior/posterior limbs of the internal capsules, left external capsule, right thalamic radiation and left inferior longitudinal fasciculus in 31 MDD adolescents when compared with 31 healthy volunteers. A first DTI study [85] found altered WM microstructure in frontolimbic neural pathways of 14 MDD adolescents compared with 14 healthy controls.
Furthermore, Tha et al. [22] reported clusters of FA decrease in several brain regions (e.g. the bilateral frontal WM, anterior limbs of internal capsule, cerebellum, left putamen and right thalamus) in a limited cohort of nine patients with MDD who are not taking antidepressant medications.
Interesting findings were also found in melancholic subtype of MDD. [25] The authors suggested that MDD melancholic patients (n = 12) had lower mean FA in the right ventral tegmental area-lateral orbitofrontal cortex and ventral tegmental area-dorsolateral orbitofrontal cortex connections compared to 21 healthy controls.
Depression total scores were negatively correlated with mean-FA of these brain regions.
Structural abnormalities of cortico-cortical WM motor pathways have been also suggested in 2012 by Bracht et al. [26] in a study of 21 MDD patients relative to 21 healthy controls. They observed that patients had lower activity levels and showed increased mean diffusivity in pathways linking left presupplementary motor area and supplementary motor area, and right supplementary motor area and primary motor cortex. Notably, a negative association between activity level and mean diffusivity of the left dorsolateral prefrontal cortex-pre-supplementary motor area connection was observed only in MDD patients with low activity levels.
In addition, Osoba et al. [32] reported significant FA deficits in the right parietal WM of 20 MDD patients whereas severity of depression has been associated with increased thalamic FA in centromedian tracts and decreased FA in mediodorsal and dorsolateral prefrontal cortex tracts. Lower activity levels in frontal WM regions and posterior cingulum when compared with 21 matched healthy controls were also found by Walther et al. [86] in a cohort of 21 medicated patients with MDD. Depressed subjects also reported negative associations of FA and activity levels below the left primary motor cortex and left parahippocampal gyrus WM.
In 2012, Cole et al. [87] reported that MDD was associated with widespread reductions in WM integrity of the corpus callosum, SLF and anterior corona radiate in 66 patients with recurrent major depression compared to 66 controls. The authors suggested that WM integrity of the corpus callosum was negatively correlated with increasing symptom severity.
Using a 3T scanner DTI, Colloby et al. [88] investigated 68 subjects (30 healthy individuals, and 38 depressed individuals) and found a loss of WM integrity within the frontal, temporal and midbrain fibers. Patients with LOD demonstrated significant lower FA compared with older healthy subjects due to the possible disruption of limbic-orbitofrontal networks. However, after conducting regression analyses, the authors did not find a significant association between DTI parameters and current depressive symptoms.
Moreover, Korgaonkar et al. [89] reported the presence of WM integrity deficits in 11 melancholic MDD subjects relative to 39 healthy controls postulating the existence of a pattern of reduced myelination or other degenerative changes whereas Wu et al. [90] reported a significantly lower FA in the right SLF within the frontal lobe, right middle frontal and left parietal WM when investigating 23 single-episode, medication-naive MDD subjects relative to 21 healthy controls.
Lower FA values in the bilateral medial frontal gyri, right subgyral frontal and temporal lobes, left middle frontal, and cingulate gyri have been reported by Ouyang et al. [91] in 18 MDD patients compared to 18 controls.
Abnormalities of WM integrity, especially within cortical-subcortical neural circuits, have been suggested to play a key role in the pathophysiology of MDD.
Reduced FA values in the left WM anterior limb of the internal capsule (ALIC), right parahippocampal gyrus, and left posterior cingulate cortex in 25 first-episode, treatment-naive young adult MDD patients compared with 25 healthy controls have been reported by Zhu et al. [92] Interestingly, the severity of depressive symptoms was negatively correlated with the reduced FA values of the left ALIC suggesting a crucial role of this brain region in the pathogenesis of MDD.
Lamar et al. [93] reported an association between WM damage and endorsed depressive symptoms in 79 euthymic older adults whereas Zou et al. [94] observed a significant decrease in FA of the left hemisphere, including the left ALIC and inferior parietal portion of the SLF in 45 patients with MDD compared with 45 healthy controls. Finally, lower FA of the rostral/ dorsal anterior cingulate, dorsolateral prefrontal cortex, genu of the corpus callosum, WM adjacent to the hippocampus, multiple posterior cingulate cortex regions, and insular WM, neostriatum and midbrain together with temporal and parietal regions were found in 23 individuals who failed to remit compared to 25 patients who recovered from depression. [95] Meta-analytic evidence of DTI studies [96] also confirmed the association between WM integrity abnormalities and MDD. Reduced FA in the WM fascicles connecting the prefrontal cortex within cortical (frontal, temporal and occipital lobes) and subcortical areas (amygdala and hippocampus) supported the involvement of these brain areas in the pathogenesis of MDD. Similar findings were reported in a previous meta-analysis when Murphy and Frodl [97] found reduced WM FA values in SLF and increased FA values in the fronto-occipital fasciculus in depressed patients compared to controls.
There are also DTI studies demonstrating the positive effect of treatments on WM integrity in patients with MDD. Lyden et al. [27] suggested that WM microstructure abnormalities in frontal and limbic regions of 20 MDD patients are modulated by electroconvulsive therapy (ECT). They found significant FA increases of the dorsal fronto-limbic circuits encompassing the anterior cingulum, forceps minor, and left SLF in patients receiving ECT compared to healthy controls. The authors also reported significant reductions in radial and mean diffusivity of the anterior thalamic radiation related to therapeutic response in MDD patients. In another DTI study, Taylor et al. [98] suggested that 74 subjects who were responders to Sertraline reported higher FA values in the superior frontal gyri and anterior cingulate cortices bilaterally; however, there is no significant association between apparent diffusion coefficient measures and remission.
Furthermore, Nobuhara et al. [99] reported improvements of WM integrity in frontal brain regions after ECT treatment in 8 late-life depressed patients with significant frontal and temporal FA reductions compared with 12 healthy age-matched controls.
In another report, Wang et al. [33] suggested a significant reduction of the 17-item Hamilton depression rating scale in 21 depressed patients after 4-week guided imagery psychotherapy. Significantly increased FA in the right thalamus was reported in depressed individuals compared to healthy controls. Changes in WM have been also described after left repetitive transcranial magnetic stimulation by Kozel et al. [100] A mean (although not significant) increase was found in the left prefrontal WM in 8 depressed patients.
Recently, Hoogenboom et al. [28] found that failure to achieve remission was associated with lower medial body of the fornix FA among 92 MDD patients (of which 29 were nonremitters, 26 partial-remitters, and 37 full-remitters).
Not all studies supported the existence of WM alterations as assessed using DTI techniques in MDD patients. Choi et al. [30] found no significant differences in FA, radial diffusivity, mean diffusivity, and axonal diffusivity using voxel-based morphometry or tract-based spatial statistics approach in 134 medication-free MDD patients compared to 54 healthy controls.
Moreover, Bezerra et al. [101] reported no significant differences among FA or mean diffusivity values between depressed and non-depressed elderly individuals with or without mild/moderate MDD. Abe et al. [102] also suggested no significant difference between 21 right-handed patients and 42 age-and gender-matched controls for FA and whole WM volume. Only a trend of negative correlation between FA and total days in the right anterior cingulate and left frontal WM was reported in this study.
Similarly, Kieseppä et al. [103] investigated 16 MDD patients and found only a trend for lower values of FA in the left sagittal stratum, and reduced FA in the right cingulate cortex/posterior body of corpus callosum compared to 20 controls.
WMHs AND AFFECTIVE TEMPERAMENTS: CLINICAL IMPLICATIONS REGARDING MDD AND SUICIDALITY
Few studies investigated the association between affective temperaments and WMHs as well as their possible implications on suicidal risk.
Weber et al. [104] conducted a 2-year follow-up study in a cohort of 28 EOD elderly patients and observed increased neuroticism factor, anxiety facet scores, and reduced warmth and positive emotions facet scores only at baseline compared to 48 controls. Significantly higher depression facet scores at both baseline and after 2 years independently of depressive relapse were also reported in EOD elderly patients than controls. In 2010, the same research group [105] reported no significant group differences in WMH rates between 38 EOD and 62 controls. Importantly, EOD was associated with a significant increase of neuroticism and decrease of extraversion facet scores as assessed by five-factor personality dimensions.
Serafini et al. [106] found that patients with higher dysthymia and lower hyperthymia scores (as assessed by TEMPS-A) were more likely to have higher suicidal risk, more recent suicide attempts, and more deep WMHs than patients with higher hyperthymia and lower dysthymia scores. In this study, different temperament characteristics are reflected by MRI findings. The mentioned results replicate the findings of prior studies showing that depressive, cyclothymic, irritable and anxious temperaments may be considered risk factors for suicidal behavior whereas hyperthymic temperament is a protective factor, at least for suicide attempters. [106, 107] There are also DTI studies analyzing the presence of WM abnormalities in healthy individuals. Picerni et al. [108] investigated the relationship between cerebellar macro-and micro-structural variations detected by DTI and temperamental traits assessed using temperament and character inventory (TCI) in 100 healthy individuals. The authors found increased WM FA associated with higher novelty-seeking scores suggesting that macro-and micro-structural characteristics of posterior vermis play a critical role in novelty-seeking behaviors. In a previous report, the same research group suggested that the scores of the four temperamental scales of TCI were positively associated with the volumes of cerebellar WM. [109] Specifically, it has been suggested that novelty seeking scores were positively associated with WM volume whereas harm avoidance scores were negatively associated with WM volume in a cohort of 125 healthy participants.
Moreover, Bjørnebekk et al. [110] reported an association between social reward dependency and WM microstructure in 263 healthy volunteers. In detail, the authors found that increased reward dependence was associated with reduced FA in anterior brain areas suggesting that WM fiber tract properties may significantly modulate individual differences in social reward. However, no associations were found between novelty seeking behavior as assessed by TCI and DTI indices.
Westyle et al. [111] showed that increased harm avoidance is associated with abnormalities in WM microstructure in a large cohort (n = 263) of healthy adults. Increased harm avoidance was associated with reduced FA whereas increased mean diffusivity/radial diffusivity in specific WM tracts, such as corticolimbic pathways, was implicated in emotional processing and reappraisal. The authors speculated that the associations between WM microstructure and anxiety-related personality traits emerged early in life suggesting that both temperament and personality are closely shaped early and remain stable during the life span. [111] There are also two voxel-based morphometry studies analyzing the association between WM abnormalities and temperamental features in healthy subjects.
In the first study, Van Schuerbeek et al. [112] suggested that individual variations in brain morphology may be associated with temperament and character dimensions in 68 young healthy female volunteers. The authors found correlations between temperamental traits and WM volume. Specifically, a link between cooperativeness and WM volume has been observed in the medial frontal and precentral gyrus.
In the second study, Kaasinen et al. [113] investigated whether late adulthood brain structural differences may be related to differences in temperament and character in 42 healthy aged adults.
However, no significant correlations between regional WM volumes and personality traits were reported, and only a trend of correlation between right cerebellar WM volume and self-transcendence was observed.
To our knowledge, no other studies supported the association between affective temperaments, WMHs and suicidal risk. Table 1 summarizes the most relevant evidence for the association between WM abnormalities [112] Crosssectional
female volunteers
A correlation between temperamental traits as assessed by TCI and WM volume has been reported. Specifically, a link between cooperativeness and WM volume of the medial frontal and precentral gyrus has been found The study has been conducted on healthy individuals. DTI techniques were not used. Environmental factors such as learning and training that may be influenced by personality have been not controlled. Finally, the cross-sectional nature of this study should be considered a further additional limitation 
CLINICAL IMPLICATIONS AND MAIN LIMITATIONS
According to the selected findings of the present review derived by MRI studies, WMHs have been commonly reported and associated with a poor outcome and increased suicidality in patients with MDD. This has been independently confirmed by DTI studies showing a robust association between WM microstructural abnormalities, MDD, and suicidal behavior. Neuroimaging techniques have also provided interesting results to test the association between temperaments, personality profiles and WM microstructure abnormalities [ Table 1 ].
Based on our results, the presence of microvascular brain abnormalities and specific affective temperaments such as dysthymic subtype may exert a combined negative role in patients with MDD worsening outcome and triggering suicidality. The presence of WM abnormalities together with a dysthymic temperamental profile may be used for grouping subjects with MDD and this may potentially help clinicians in optimizing treatment strategies.
DTI techniques are undoubtedly able to more deeply investigate the nature of abnormalities in WM integrity among patients with MDD. According to DTI evidence, WM abnormalities have been re-conceptualized as microstructural damage related to vascular processes that affect brain connectivity. [111] Atherosclerotic or ischemic lesions, micro infarcts, [114, 115] demyelination, [5] cerebral edema, [116] astrocyte proliferation and deposition of brain toxic materials [5] have been commonly proposed as the underlying mechanisms involved in the development of WM alterations. These brain lesions can be identified using both MRI and DTI techniques, with the latter allowing the detection of location, orientation and anisotropy of brain WM tracts.
Untill a few years ago, white matter has been supposed to be a passive tissue, but according to recent evidence it has been suggested as actively implicated in major psychiatric conditions and brain functioning. Notably, the timing of WM growth and degree of completion may influence important human abilities such as affect learning, memory, and self-control ability.
Understanding the nature and origin of WM alterations in MDD is of paramount importance as they may [113] Crosssectional 42 healthy aged adults A positive association has been observed between GM volume of the temporal, parietal, and frontal cortices, and self-transcendence, a personality trait reflecting mature creativity and spiritualism
The study has been conducted on healthy subjects. The correlation between cooperativeness and CSF was significant only after correction for age and gender. Moreover, it was possible that the relatively small differences of cooperativeness scores in healthy subjects have little impact on behavior. Finally, the cross-sectional nature of this study should be considered a further additional limitation High selftranscendence, which has adaptive advantages in the later part of life, is associated with relatively greater temporal cortical GM volumes CSF: cerebrospinal fluid; EOD: early-onset depression; FA: fractional anisotropy; GM: grey matter; HA: harm avoidance; HP: healthy participants; LOD: late-onset depression; MD: mean diffusivity; NS: novelty seeking; RD: reward dependence; TCI: temperament and character inventory; TEMPS-A: temperament evaluation of memphis; Pisa: Paris and San Diego-auto-questionnaire; WM: white matter; WMHs: white matter hyperintensities be associated with a poor clinical course, increased disability, negative psychosocial impairment [117] and response to treatment as well as functional decline. [118] [119] [120] [121] Recently, WM abnormalities detected using DTI have also contributed to clarify the pathophysiological mechanisms underlying suicidal behavior. Olvet et al. [15] conducted a DTI study on 13 suicide attempters with MDD, 39 unipolar depressed non-attempters, and 46 healthy participants and found that low FA in the dorsomedial prefrontal cortex (DMPFC) was associated with a suicide attempt history. Similar results have also been reported by Jollant et al. [122] in a functional MRI study. They found reduced activation in the DMPFC of remitted MDD suicide attempters compared with subjects who did not attempt suicide.
Lopez-Larson et al. [16] reported that nineteen veterans with mild traumatic brain injury and a history of suicidal behavior had greater FA measures in bilateral thalamic radiations compared to forty veterans with mild traumatic brain injury without suicidal behavior and healthy controls. Among veterans with mild traumatic brain injury and a history of suicidal behavior, right thalamic volumes negatively correlated with anxiety symptoms whereas total mean FA values for the right anterior thalamic radiations positively correlated with impulsivity.
Furthermore, a positive correlation between current suicidal ideation and FA was reported in the cingulate [17] of 15 male veterans with traumatic brain injury and 17 matched healthy controls. Interestingly, the authors suggested the existence of a neurobiological vulnerability to suicidal risk related to WM microstructure.
Another DTI study [123] investigated the effect of past suicide attempts in 63 patients with MDD (23 with and 40 without a history of suicide attempts) and 46 healthy controls. The authors reported that those with a history of suicide attempts had greater abnormalities in the left orbitofrontal cortex and thalamus when compared with those without suicide attempts whereas reduced fiber projections through the ALIC to the left medial frontal cortex, orbitofrontal cortex and thalamus were found in both groups of patients [ Table 2 ].
Further potential support (external validation) to the association between microstructural WM abnormalities and suicidality in patients with MDD may be also provided by the earlier age at illness onset in some MDD patients with higher WM abnormalities as well as the very well replicated finding of early-onset suicidality in patients with mood disorders. [2] Many years ago, Hopkinson [124] reported that the risk of depression in the first-degree relatives of depressed subjects was greater (20%) in the EOD group compared with the LOD group (8.3%) over 50 years of age. Similar findings have been later reported by Schultz [125] and Post [126] supporting the hypothesis that genetic factors may show greater effects in EOD compared to late-onset depression. More recently, these findings have been replicated by Takahashi et al. [55] who suggested that early-onset type may be more closely associated with nonvascular factors such as genetic factors.
Komaki et al. [127] also reported that WM lesions were significantly correlated with age at initial onset of depression (45.8 years) in 123 MDD subjects. The authors also found that the rate of suicide in those patients with lacunar infarction (17.9% of the total sample) was significantly higher than that in subjects with no abnormal findings or those with WMHs but no lacunar infarction, suggesting that the prognosis was worse in those with lacunar infarction relative to the other two groups. Unfortunately, not all studies found a relationship between subcortical hyperintensities and age at onset in patients with mood disorders. [128] [129] [130] There may be many possible causes underlying WM lesions that can occur over time and may be quite progressive or rather static. WM lesions may be also detected in younger adults without typical cardio-and cerebro-vascular risk factors and are occasionally associated with inflammatory/demyelinating diseases. [131] In this case, it has been suggested that they are presumably genetically determined. Recently, Sprooten et al. [132] suggested that WM integrity was a reliable endophenotype for bipolar disorder with important behavioral associations linked to the etiology of this condition. Specifically, they reported widespread WM integrity reductions in unaffected relatives of bipolar patients and cyclothymic temperament. Although the authors did not investigate patients with a history of suicide and they did not report implications related to suicide risk in the analyzed cohort, their study suggested that impaired WM integrity might be a potential mechanism of genetic predisposition for bipolar disorder. Reduced fronto-temporal and fronto-thalamic WM integrity may represent a structural substrate of mood instability in both healthy control subjects and unaffected relatives at high genetic risk for bipolar disorder. Interestingly, cyclothymia resulted negatively associated with WM integrity of the internal capsules bilaterally and left temporal lobe in both high-risk subjects and controls. The authors supported the assumption that WM abnormalities might have behavioral associations related to the symptomatology of the illness.
Some limitations potentially contributing to the lack of consistency of the present findings need to be addressed. First, WMHs in patients with MDD should be interpreted as an extreme consequence of underlying microstructural dysfunctions affecting brain connectivity. Second, most studies did not assess patients for the presence and severity of possible confounding variables (such as vascular risk factors) together with history of substance abuse/ dependence and prior mood episodesas as well as the burden of comorbidities. Another important caveat regards the use of psychotropic medications potentially influencing both the presence and severity of WM lesions. Olvet et al. [15] Crosssectional [123] Crosssectional 63 patients with MDD (23 with and 40 without a history of suicide attempts) and 46 HP Both groups of depressed patients had reduced fiber projections through the ALIC to the left medial frontal cortex, orbitofrontal cortex, and thalamus. Those with a history of suicide attempts were more likely to have alterations in the left orbitofrontal cortex and thalamus than those without a history of suicide attempts
The study may be limited in terms of power to examine variability in brain anatomy concerning any specific method of suicide attempts, specific previous treatments, or number of previous attempts and depressive episodes. Personality has not been evaluated. According to DTI analyses, the ability of the present study to distinguish the directionality of altered fiber tracts is very limited. Furthermore, the degree to which alterations in the ALIC are restricted to the left hemisphere needs to be evaluated. Finally, the present findings may be not able to establish the direction of causality WM alterations of frontothalamic circuits may contribute to cognitive/affective deficits increasing vulnerability for suicidal behavior in depressed patients ADC: apparent diffusion coefficient; ALIC: left anterior limb of the internal capsule; ATR: anterior thalamic radiations; BD: bipolar disorder; BIS: Barratt Impulsiveness Scale; DTI: diffusion tensor imaging; DLPFC: dorsomedial prefrontal cortex; FA: fractional anisotropy; HP: healthy participants; MDD: major depressive disorder; ROI: region of interest; SB: suicidal behavior; TBI: traumatic brain injury; TBSS: tract-based spatial statistics; WM: white matter CONCLUSION White matter abnormalities may be proposed as biological markers of poor outcome in patients with MDD also triggering suicidal behavior. The presence of WMHs may be used for grouping and closely monitoring those patients with more severe illness impairments requiring more targeted interventions. However, further prospective studies are needed to more deeply investigate differential outcome trajectories as well as to develop tailored treatment strategies in patients with MDD. This field is rapidly expanding, and we are only at the beginning of this interesting journey. A better understanding of the biological processes involved in the progression of WM alterations is undoubtedly necessary.
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